Background: Growing public concern for animal welfare, advances in computerized simulation and economic barriers have drawn a critical eye to the use of live tissue training (LTT) in trauma skills acquisition. As a consequence, other simulation methods have replaced LTT, for example, in the Advanced Trauma Life Support (ATLS) course. Owing to the lack of clear conclusions in the literature, we conducted a systematic review to determine the value of LTT alone and in comparison to other simulation methods in trauma.
I
n both the military and civilian settings, medical care providers are trained in trauma care using a combination of approaches. For example, background knowledge and theory are often provided through didactic lectures, while practical and resuscitation skills are often based on a simulation-based platform, including computer simulation, task trainers and mannequins (human patient simulation [HPS] ). Finally, live tissue training (LTT) is a form of simulation used more consistently for teaching and practising more complex surgical procedures. 1 Live tissue training in medical education has been facing increasing scrutiny owing to the increased focus on animal welfare and by the rapid improvements in medical simulation technology. 2 In the United States, the Department of Defence has closed a number of animal laboratories, including those that used dogs for ballistic wound management training and monkeys in chemical weapons casualty management exercises. 3 In the civilian setting, the American College of Surgeons' Advanced Trauma Life Support (ATLS) course has largely moved away from LTT to simulation-based training. 1 Currently, simulation and LTT are still both used in trauma care skills acquisition. However, it remains unclear whether simulation can completely replace LTT or whether there still remains a role for LTT in trauma education. To better explore this question, we conducted a systematic review to determine the value of LTT alone and in comparison to other simulation training methods in trauma care.
Methods
We conducted our systematic review in accordance with Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. 4 
Information sources and search technique
With the assistance of an experienced librarian, we searched MEDLINE (1947 to March 2014), EMBASE (1946 to March 2014) and the Cochrane Central Register of Controlled Trials (up to March 2014) using the keywords "live tissue training AND trauma," "simulation AND trauma," or "simulation AND surgical training." Citations of relevant full-text reports were manually searched for additional studies. We did not impose language restrictions. Details of the search strategy are in Appendix 1.
Eligibility criteria and study selection
Studies were eligible for inclusion in the systematic review if they were observational studies or randomized controlled trials (RCTs) and if they addressed trauma skills acquisition with LTT exclusively or if they addressed trauma skills acquisition with LTT compared with any other method of training in trauma. We excluded studies that addressed only other types of simulation (not LTT), that involved LTT not performed in trauma, that used animals for experiments rather than training, and that were case reports or case series. Two of us (L.T.D and S.V.) independently reviewed the abstracts of all studies. Agreement between reviewers was assessed using Cohen's κ. 5 In case of disagreement, consensus was reached by discussion with a third author (B.N.J.). Fulltext versions of the selected studies were retrieved, and we contacted the corresponding authors for further information if necessary.
Data abstraction and analysis
Data were extracted from original studies. We abstracted data on study objective, setting and design; participant selection; types of LTT and other methods of simulation; intervention; types of evaluation pre-and posttraining; and outcomes. Two of us (L.T.D. and S.V.) independently assessed the risk of bias for cohort studies based on the Newcastle-Ottawa scale 6 and for RCTs based on the Cochrane Collaboration tool. 7 Our principal objective was to determine whether LTT is better than any other method of simulation for trauma care skills acquisition. Owing to clinical and methodological heterogeneity among studies, we anticipated reporting results qualitatively instead of conducting a meta-analysis.
Results
Our initial search strategy identified 385 potentially relevant studies. After evaluating 51 full-text manuscripts, we determined that 12 studies satisfied our inclusion criteria (Fig. 1) . There was excellent agreement between the reviewers for study inclusion (κ = 0.84).
Study characteristics
Of the 12 studies included in our review (Table 1) , 10 publications [8] [9] [10] [11] [13] [14] [15] [16] [17] 19 were prospective observational cohort studies and 2 12, 18 were RCTs. Eight studies 8, 11, 13, [15] [16] [17] [18] [19] were performed in the military setting and 4 studies 9, 10, 12, 14 in the civilian setting. Anesthetized swine were used in 8 studies [9] [10] [11] [12] [13] [14] 16, 18 and goats 15 in 1 study; the remaining 3 studies 8, 17, 19 did not report the type of live tissue used for training.
Training consisted of LTT with no direct comparison to other simulations in 10 studies. [8] [9] [10] [11] [13] [14] [15] [16] [17] 19 In those studies, only pre-and posttraining evaluations were performed, and LTT was conducted concurrently with other simulation methods. 
Participant characteristics
The 12 studies included 2655 trainees. The sample size across studies varied markedly (range 15-1317, median 100, interquartile range [IQR] 47-184). In both civilian and military settings the trainees included nonmedical personnel, noncommissioned officers, medical technicians, dentists, nurses, nurse anesthetists and physician assistants. Among the participants in the medical field were trainees, such as third-year medical students, and junior and more experienced physicians from several specialties (e.g., general surgery, trauma surgery, anesthesiology, emergency medicine, family medicine and gynecology). Ten studies [8] [9] [10] [11] [12] [13] [16] [17] [18] [19] reported the level of participating trainees. The 2 randomized trials were conducted with third-year medical students 12 and with air force volunteers with no practical trauma experience. 18 
Methodological quality
The qualitative synthesis of the cohort studies was performed using the Newcastle-Ottawa score 6 ( Table 2 ). The score defines participant groups in cohort studies as comparable in either the design or analysis when the effect of the exposure is adjusted for confounders. The overall methodological quality was moderate (n = 10 studies), with a mean score of 6.0 ± 0 (possible range 1-9).
There was a wide variation in the experience of the trainees, and the cohorts were representative of the overall population in the field of trauma training. Only 1 study 11 had participants with similar level of experience. The 10 prospective cohort studies were not controlled with other training modalities for trauma skills acquisition. All cohort studies involved pretraining questionnaires (used as control) and posttraining questionnaires. All studies had adequate follow-up to allow outcomes to occur, and no loss to follow-up was reported.
We used the Cochrane Collaboration tool 7 to assess risk of 5 bias domains in the 2 RCTs (Table 3) . Sample size was not calculated in these studies. They did not demonstrate adequate random sequence generation and allocation concealment. Outcome assessors were blinded in both RCTs. Because the study durations were generally short, neither study had losses to follow-up. These 2 RCTs did not report missing data. No selective reporting or baseline imbalance of participants was detected in either study.
Presimulation phase
Studies included various forms of adjunctive education approaches. A large variety of didactic lectures were administered in 11 studies. 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Case study presentations, [14] [15] [16] microteachings, 8 video presentations, 8, 10 educational CD-ROMs, 9 ,10 triage scenarios 13, 15, 16 and discussions on case simulations [14] [15] [16] 19 were administered mostly in the presimulation phase.
Interventions

Cohort studies
All prospective cohort studies [8] [9] [10] [11] [13] [14] [15] [16] [17] 19 used LTT alone or LTT in combination with some other form of simulation, but they made no comparisons between methods and, consequently, had no control groups. Training modalities in this group varied considerably. In 1 study, 11 anesthetized swine were subjected to penetrating trauma to the abdomen and legs. The ATLS principles were applied in itially, and subsequently the swine were transferred to a field hospital and surgical procedures were performed. In another study 8 involving the Combat Trauma Life Support (CTLS) course, there was no mention about the type of LTT used and the procedures performed during training. In 4 studies 9,10,13,14 more advanced surgical training was conducted, with repair of penetrating injures to the chest and abdomen; surgical repair of the heart, solid organs, hollow viscera and vessels; and management of injures to the extremities. These studies include the current Definitive Surgical Trauma Care (DSTC) course 9 and the Advanced Trauma Operative Management (ATOM) course. 10 Finally, King and colleagues 13 studied advanced training in penetrating neck injuries (repair of carotid and jugular lesions), transmediastinal gunshot wounds (GSW) and thoracoabdominal penetrating wounds performed in anesthetized swine.
Six studies 12, [15] [16] [17] [18] [19] included mannequins as adjuncts to LTT. In the 2 studies conducted by Sohn and colleagues 15, 16 in the military setting, HPS was used for initial assessment for endotracheal intubation, surgical airway, venous and interosseus accesses, tube thoracostomy, tourniquet, triage and resuscitation scenarios. In the LTT portion, several other more complex procedures were performed, including amputation, management of evisceration and mesenteric bleeding, physiologic monitoring, moulage casualties and surgical simulation combined with a real time field-training event. Finally, 1 study 17 also used HPS and LTT in a cohort of trainees, but delegated some procedures more appropriate to be performed on the live tissue section of the training (e.g., management of evisceration, local hemostasis, dissection for venous access).
Randomized controlled trials
The 2 randomized controlled trials evaluated training across 3 different procedures. In the study by Bowyer and colleagues, 12 students were randomized to either LTT or a haptic simulator for teaching diagnostic peritoneal lavage (DPL). Both groups of 20 medical students were then asked to perform DPL in the HPS and were scored on this performance as the outcome measure. Hall 18 administered didactic lectures and a basic suturing course and randomized participants to perform cricothyroidotomy and tube thoracostomy using HPS and LTT; participants performed both procedures in human cadavers in sequence.
Outcome measurements
Not all studies evaluated their results objectively, and different measurements were performed across studies. Nine studies [8] [9] [10] [11] [12] [13] [15] [16] [17] used multiple-choice questionnaires and Likert scales before and after the training process, where knowledge, self-confidence, self-efficacy and expertise were assessed. Details on surgical technique were evaluated in 4 studies. 10, 12, 18, 19 Sohn and colleagues, 15 in a prospective cohort, conducted a comprehensive evaluation of the degree of learning on technical skills, understanding of clinical aspects, identification of priorities and repair of the induced lesions in a real time field-training event. Four studies 13, [15] [16] [17] included a meeting for debriefing of performance at the end of the training process. Finally, in 2 studies, 13, 15 an objective written metric questionnaire was completed during the training by staff members, and feedback was given to participants.
Outcomes
Cohort studies
Studies that used pre-and posttest questionnaires showed significant improvement posttraining. In general, posttest questionnaires demonstrated improvement in knowledge, self-perceived confidence and self-awareness. [8] [9] [10] [11] [12] [14] [15] [16] [17] 19 Participants also felt that the principles taught during training were appropriate and necessary to subsequently be applied in real life on a patient. 13, 15, 16 In 1 study 8 involving the CTLS course, posttest scores increased from 65% to 76.6% (p < 0.001) after LTT. In the DSTC course, where training in thoracic and abdominal lesions were evaluated, Jacobs and colleagues 9 reported that posttest score improvement was greater in less experienced general surgery trainees than in fellows and staff surgeons. In another study involving the ATOM course (which uses anesthetized swine for the training of general surgeons, trauma fellows and general surgery residents), the same group 10 demonstrated that the 11 assessed teams of surgeons being trained in peripheral lesions and damage control laparotomy in anesthetized swine. They reported an improvement of 43% and 60% of the overall score and of the score of younger general surgeons, respectively. King and colleagues 13 evaluated the surgical aspects of trauma management and concluded that the trainees were able to avoid 20% of preventable deaths. However, they concluded that additional experience to quantify the training impact of the type of exercise as well as the validity of the used metrics were still required.
In a study by Sohn and colleagues 15 in which HPS and LTT were used concurrently during training exercises, LTT scored higher than HPS (1.48 v. 2.55, p < 0.01). Some limitations of the study, such as quality of data, may have affected inferences. Rubiano and colleagues 17 reported that all participants trained using HPS and LTT demonstrated complete knowledge in the final evaluation. Finally, in a more recent study 19 where surgical skills were assessed in LTT and mechanical HPS, participants found that clinical shadowing was less valuable than both methods of surgical skills acquisition.
Randomized controlled trials
The 2 RCTs involved a small number of participants (n = 64); had different types of interventions (DPL, tube thoracostomy, cricothyroidotomy) and simulation controls; and assessed knowledge, efficacy, competence, awareness and technical skills in the 3 training modalities. Bowyer and colleagues 12 conducted a study with medical students, randomizing DPL in a haptic simulator and in anesthetized swine. Subsequently, both groups performed DPL in an HPS model. There was a significant improvement from baseline knowledge in both groups, yet more improvement in the graphical interface simulation group in terms of site selection (p < 0.001) and technique (p = 0.002) than those who trained on swine. In a study conducted with air force volunteers with no prior medical training, Hall 18 conducted training in cricothyroidotomy and tube thoracostomy, randomizing LTT (anesthetized swine) and HPS. In sequence, the 2 groups performed both procedures in human cadavers. There was no statistical difference in average completion time for the procedures in both groups (p = 0.74 and p = 0.32, respectively). Confidence was higher overall in the LTT group, but no statistical difference was found (p = 0.42). The success rates of cricothyroidotomy and chest tube placement were higher in the animal group, but with no statistical significance (p = 0.67 and p = 0.99, respectively). There was no difference in outcomes or confidence for both procedures in both groups.
discussion
Our systematic review yielded 12 studies addressing LTT alone or concurrently with other forms of simulation in trauma, 2 of which were RCTs. The 10 prospective cohort studies conducted pre-and posttraining evaluations but did not directly compare LTT with other methods of trauma skills acquisition. The objectives varied, ranging from general (evaluation of an entire field exercise) to specific (evaluation of the performance on a specific surgical procedure). Our overall conclusion is that simulation, independent of its modalities, improves knowledge, efficacy, competency, surgical skills and awareness. We did not identify a body of evidence robust enough to conclude whether LTT is better than other simulation methods. Small sample size, different levels of training participants, different forms of interventions and simulators, absence of controls in the majority of studies and different outcomes assessed are factors impeding a more reliable analysis and conclusion. Studies did not include reliability or validity data, and a large number of them used different types of participant surveys to evaluate self-reported operative confidence or course efficacy. An additional limitation is the potential for assessor bias, as most prospective cohort studies involved 1 or more evaluators assessing performance, and these studies did not provide their curricular information.
Both RCTs had small sample sizes. There were only 64 participants in total across both RCTs, which influenced the detection of differences among forms of training. There were multiple and confounding comparisons. The power to Refer to Wells et al. 6 for a description of Newcastle-Ottawa Quality Assessment Scale for cohort studies. In general, more stars denote higher quality. Representativeness is awarded a star if the cohort is truly or somewhat representative of the population of interest. For selection of the nonexposed cohort, a star is awarded if it is drawn from the same population as the exposed cohort. The relevant exposure in this review is the surgical procedure performed in the live tissue; we considered a nonexposed cohort to be one that performed the procedure in another simulation method. Exposure is satisfactorily ascertained if data are collected from a secure record. A star is awarded if the outcome is not present at the start of the study. A maximum of 2 stars can be given for comparability of controls for controlling of confounders in either the design (matching) or analysis (statistical adjustment) phase. We also gave 1 star when selection criteria appeared to create comparable groups via restriction. Assessment of outcome is awarded a star if the outcomes were assessed by independent blind assessment or record linkage. The duration of follow-up was considered adequate if it was long enough for the outcomes to occur. Completeness of follow-up was considered adequate if all participants were accounted for or if the number lost to follow-up was sufficiently low to be unlikely to introduce bias. While some simulator interventions were very brief, a practice effect with longer simulator exposure was not generally evident. However, most simulator interventions showed significant improvements pre-and postintervention. Outcome assessors in the RCTs were blinded to group, but the participants could not be blinded.
Limitations
To our knowledge, our study is the first to summarize the literature concerning the use of LTT in trauma alone or compared with other forms of simulation, but robust conclusions are limited by the overall low methodological quality of the included studies. We used a comprehensive search strategy to exhaustively identify any relevant studies in the published literature. We found only 2 small experimental studies and the quality of the observational analytic cohorts is limited. Included studies were heterogeneous with respect to participants, interventions, controls, measurements and outcomes, limiting clinical interpretation and generalizability. Major limitations of this review are related to the limitations of the included studies. Better-designed and larger cohort studies and RCTs are lacking.
Unanswered questions and future research
The current body of literature does not answer the persistent question of which method provides the most effective training and improvement in self-confidence for physicians worldwide. In a study 20 in the military setting, we assessed the association of experience using different training modalities, including LTT, with self-reported confidence in procedure performance. Advanced life support providers were sent a questionnaire regarding their experience with and self-confidence levels in performing endotracheal intubation, cricothyroidotomy, needle chest decompression, tube thoracostomy and intraosseous infusion. Selfconfidence levels in procedure performance were positively associated with experience gained from mannequins and from supervised and unsupervised application in patients. We were not able to demonstrate a clear benefit of an animal model in increasing self-confidence. A plateau was generally identified, indicating decreased benefit from the use of a particular training modality for a particular procedure.
A wide range of trauma training modalities exist, 21 but each (including high-fidelity simulators) has limitations. Cherry and Ali 21 commented on the realism and authenticity problems of using simulators and concluded that these challenges needed to be overcome. Human cadavers and HPS currently do not provide the ideal solution. Most patient simulators do not bleed. Those that do bleed do not respond in the same biological way that bleeding patients do in clinical practice. Therefore, complex surgical skills are usually taught on live tissue models, because dissection and bleeding is not properly simulated in any other models. Likewise, research in bleeding and hemorrhage control is never conducted using mannequins. Mannequins cannot simulate bleeding accurately. An example of the importance of using live tissue is testing new hemostatic dressings, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] which would be impossible to perform in mannequins or with virtual simulation.
Although human cadavers are advantageous because of their anatomic similarity, dead tissue does not respond to surgical procedures and other interventions in the same way that living patients do in everyday trauma practice. Different anatomy is a disadvantage in live animals. Clearly, dogs and goats do not have anatomy identical to humans, which is demonstrated in the study by McCarthy and colleagues. 33 In that study, necks with attempted cricothyroidotomies were inspected and mapped, and the authors found that 30.2% of cricothyroidotomies in the canine models were misplaced. Cricothyroidotomy placement in human cadavers was correct in 96.4%.
We agree that supervised hands-on experience in the management of trauma patients would be the best solution; however, this does not take into account the ongoing lack of supervision in many hospitals nor does it account for the reduced exposure to operative trauma being experienced by many trainees worldwide. On the other hand, there are a number of simulators available for generic training which, although improving in their ability to provide useful training, do not yet have the full capability of encompassing all aspects of live tissue training. 34 For this reason, the American College of Surgeons "supports the use and humane care and treatment of laboratory animals in research, education, teaching, and product safety testing in accordance with applicable local, state, and federal animal welfare laws." The American College of Surgeons comments that "wherever feasible, alternatives to the use of live animals should be developed and employed" but "believes that now and in the foreseeable future it is not possible to completely replace the use of animals and that the study of whole living organisms, tissues, and cells is an indispensable element of biomedical research, education, and teaching." 35 Understandably, the primary argument against the use of LTT encompasses highly emotive ethical and moral objections to the harming of live animals. These cannot be, nor should they be, ignored. However, to suggest that there is evidence to say that the use of currently available simulators is equivalent or superior to LTT for all trauma procedures and skills is erroneous. The development of more realistic simulators to address these issues needs to progress in order that LTT can be discontinued.
While simulators other than LTT have been developed and have already replaced some use of live animals in many areas of trauma training, there is still a need for development of clinically relevant simulation models. Furthermore, such models will need to be validated by studies that use assessment tools that reliably address skills acquisition, the transfer of skills to the operating room and real trauma en vironments, and the retention of such skills over time. While there may be compelling reasons to reduce reliance on patients, cadavers and animals for trauma training, none of the methods of simulated training has yet been shown to be better than these forms of training. Adequately powered, well-designed and unconfounded RCTs (preferably multicentre with similar protocols) are needed, and outcome assessors need to be blinded. Outcomes need to be tested in actual operative circumstances (or on validated systems). In particular, model simulation needs to be further tested against computer simulation. Studies of cost comparisons are also needed. The RCTs included in our analysis dealt exclusively with technical skills, although other skills, such as cognitive and communication skills, are clearly integral parts of the trauma training process.
conclusion
Our systematic review demonstrated limited observational and experimental evidence on the use of LTT in trauma. This review will enable clinicians to better appreciate the deficiencies identified in the literature, and enable investigators to design more appropriate trials in the future. The existing literature helps clinicians to appreciate the potential impact of the use of LTT in trauma. However, adequately powered and methodologically sound RCTs will be required to prove positive effects on outcomes.
